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The concentration of amino acids found in the soluble organic matrix of modern and 
fossil shell of Anadara trapezia is quantified in this study. Results indicate that 91% of the 
total amino acids present in the soluble organic matrix are lost within 4,000 years, at an 
average rate of 3.25 x 10° pmol/tg per year. Over the next 2,000 years a further 6.3% are 
lost at an average rate of 4.49 x 10+ pmol/mg per year and for a further 119,000 years 0.9% 
of material was lost at an average rate of 1.07 x 10° pmol/ug per year. Aspartic acid, glutamic 
acid, glycine and alanine were found to be present with the highest concentrations having a 
mean concentration of 28.3 pmol/ug. These amino acids were also found to be more readily 
hydrolyzed from the soluble organic matrix. After 4,000 years their concentrations had dropped 
to be within the same range as all amino acids remaining in the organic matrix with a mean 
concentration of 1.3 pmol/ug. Amino acid concentrations remained at this level for the next 
119,000 years with little further losses. 

The degree of racemization from L form to D form, i.e. the D/L ratio of amino acids 
was found to be related to concentration and amino acids such as aspartic acid, with high 
initial concentration also show faster racemization rates. Aspartic acid hydrolyses and 
racemizes at a faster rate than other amino acids leading to the hypothesis that the more 
aspartic acid molecules present in the protein strand, the greater the chance that aspartic acid 
will be in the optimum position for hydrolysis and racemization. 
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INTRODUCTION 


Researchers from several scientific disciplines are studying the protein found in 
the shell matrix of molluscs. Material scientists have examined the way these organic 
matrix proteins, secreted by molluscs, regulate calcite and/or aragonite crystal formation 
within shells (Weiss et al. 2000). In particular, research has focused on biomineralization 
processes and their relevance to the synthesis of high performance nano-composite 
materials (Keith et al. 1992; Belcher et al. 1998). Geologists and archaeologists have 
used the degree of racemization of amino acids in shell and bone as a dating tool (Hare 
and Abelson 1968; Murray-Wallace 1993; Kimber et al. 1994; Harada and Handa 1995; 
Rutter and Blackwell 1995; Johnson and Miller 1997). Increasing amounts of D form 
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amino acids in fossil molluscan shell is an indication of “time-since-death’”’. The rate of 
racemization is known to be genus dependent and these preliminary results are part of an 
ongoing study into the reasons for this dependency. All living organisms retain their 
amino acids in the L-form by enzyme action. When an organism dies, the enzyme 
suppression ceases and racemization reactions begin and will continue until equilibrium 
is attained. This process is highly sensitive to temperature and accordingly may have 
duration of 200 ka to 10 Ma (Miller and Brigham-Grette 1989). At equilibrium D/L equals 
1 for enantiomers and approximately 1.3 for diastereoisomers (Miller and Brigham-Grette 
1989; Murray-Wallace 1993). Stratigraphic correlation (Belperio et al. 1984; Murray- 
Wallace et al. 1999), phylogenetic studies (Degens and Spencer 1967; Robbins and Ostrom 
1995), palaeotemperature studies (Cann and Clarke 1993; Miller et al. 1995) and the 
detection of reworking of fossils from older into younger sedimentary deposits (Murray- 
Wallace 1993; Rutter and Blackwell 1995; Wehmiller et al. 1995; Miller et al. 1997), 
represent other research applications of the racemization reaction of amino acids. 

Knowledge of how the organic matrix breaks down over time is important when 
considering racemization of amino acids as a dating tool. It has long been established that 
temperature and the availability of water affect the rate of racemization in fossils, and 
that variations in the degree of racemization have been found between genera of the same 
age (Williams and Smith 1977; Lajoie et al. 1980; Wehmiller 1980; Rutter and Blackwell 
1995; Roof 1997). The variation in the degree of racemization between genera of the 
same age is thought to be due to the presence of different proteins, characterized by more 
stable peptide bonds (Degens and Spencer 1967; Hare and Abelson 1968; Wehmiller 
1984; Kaufman et al. 1992; Goodfriend et al. 1997). It has been established that amino 
acids at N-terminal positions of proteins tend to racemize fastest and that when the amino 
acid is in an internal position the rate of racemization is affected by the amino acids on 
either side (Mitterer and Kriausakul 1984; Mitterer 1993; Qian et al. 1995; Goodfriend 
1997). The relative position of an amino acid in the protein chain will thus determine the 
rate of racemization. 

This study examines the breakdown of the soluble organic matrix in the shell of 
one species of mollusc, the estuarine bivalve mollusc Anadara trapezia, over a period of 
125,000 years. As diagenesis occurs, amino acids are hydrolyzed from the protein chain 
becoming free amino acids. In this study larger peptides and proteins have been extracted 
and amino acid concentrations have been determined. The concentration and composition 
of amino acids retained in protein and peptides over 12 kDa in size in fossil samples, is 
compared with the results for modern specimens. As routine studies have not quantified 
the concentrations of amino acids in fossil shell with any precision, this report is adding 
to knowledge in this field. 


MATERIALS AND METHODS 


Many current methods used to identify the amino acid composition of shell 
proteins involve demineralizing the shell using 6M HCl. The resultant solution is then 
analyzed for amino acid composition and concentration. The acid hydrolyses the intact 
proteins and peptide strands, as well as demineralizing the shell. Researchers then analyze 
the total acid hydrolysate and at times, free amino acids (Powell et al. 1989; Powell et al. 
1991; Kaufman et al. 1992). 

Analysis of total amino acid hydrolysate includes 

— amino acids from the hydrolysis of the organic matrix, 

— free amino acids from earlier diagenesis, 

— free amino acids formed from the chemical breakdown of other amino acids, for 
example, Serine > Glycine + Alanine (Akiyama 1980), together with 
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— free amino acids that have diffused into the shell over time, that is, foreign organic 
material. This depends on the integrity of the shell matrix and the species concerned 
and studies have shown little in the way of non indigenous amino acids diffusing 
into shell (Miller and Hare 1980). 

To overcome the problem of hydrolysis of protein associated with the use of 6M HCl, 

the method used in this study involves the gentle demineralization of the shelly material 

using a 10% solution of EDTA at pH 8 to remove Catt. The sample of ground shell is 
placed in a dialysis tube with a nominal pore size of 12 kDa allowing all free amino acids 
to diffuse through the tubing. Only intact proteins and larger peptide strands are retained 

(Wheeler et al. 1987; Halloran and Donachy 1995; Murray-Wallace et al. 2000). 

Selected samples were chosen in an attempt to quantify the rate of change or 
loss of protein residues in shells during early diagenesis using one species, the bivalve 

Anadara trapezia. Modern shells were analyzed along with fossil samples of known age. 

Modern samples were collected live from Wallagoot Lake, near Eden, on the South Coast 

of New South Wales (Table 1). They were immediately frozen and then shucked prior to 

cleaning and grinding. Fossil samples of Anadara trapezia were collected from several 
geological coastal deposits in southern Australia (Table 1), where the age and origin of 
the deposits are well established (Murray-Wallace et al. 2000). Fossil shell samples were 
collected from sites, which today have similar mean annual air temperatures as it is likely 
that materials of the same age will have experienced similar diagenetic temperatures 
(Table 1). 


Table 1. 
Location of collection sites for modern and fossil samples used in this study and codes assigned to each 
fossil sample. 


Age* (years) Code Location 

0 Modern Wallagoot Lake, South Coast, NSW 

3,880 +60 AWP Wilson Memorial Park, Koona Bay, Lake Illawarra, 
(SUA-3059) NSW 

6,2801460 Att Tom Thumb Lagoon, Wollongong, NSW 
(SUA-3058 

6,800+ 70 Akb Kully Bay, Lake Illawarra, NSW 

(SUA-3102) | 

125.000 A] Largs, NSW 

125,000 Awg Watson’s Gap, Chiton Rocks, SA 


*Note: Conventional radiocarbon ages have been corrected for the marine reservoir effect for southern Australian 
ocean surface waters, (-450435 years, Gillespie and Polach (1979)) and converted to sidereal years using the 
revised calibration program of Stuiver and Reimer (1993). 
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Shells for amino acid concentration analysis were cleaned by boiling 10 minutes 
in 30% H,O, followed by boiling for 10 minutes in 50% bleach (2.6% sodium hypochlorite 
by weight). They were then washed in Milli-Q™ water and scrubbed lightly. Grinding of 
shells was achieved using a Retsch Muhle electric mortar and pestle. Finely powdered 
shell (20 g), was placed in Sigma 43 mm dialysis tubing with a nominal pore size of 12 
kDa; 100 mL of 10% EDTA solution at pH 8 was added and the suspension placed in a 3 
L conical flask with 1.5 L of the same EDTA solution. The flask was shaken in a Bioline 
orbital shaker at 180 rpm at 21°C, until demineralization was complete (about 3 days). 
The EDTA solution in the flask was completely replaced with fresh EDTA solution once 
during the process. The contents of the dialysis tubing were centrifuged at 20,000 g for 
30 minutes at 10°C in a Sorvall RC-5B Superspeed centrifuge. The soluble matrix in the 
supernatant was decanted and the insoluble matrix frozen and stored for future 
investigation. The soluble matrix was then placed in dialysis tubing and washed 
exhaustively in Milli-Q™ water at 4°C in an electric shaker. The water was frequently 
changed to remove the EDTA. The content of the tubing was again centrifuged at 20,000 
g at 10°C for 30 minutes and the supernatant liquid containing the soluble matrix was 
freeze-dried. After purification, 5mg/mL samples of the soluble matrix were acid 
hydrolyzed and analyzed for amino acid concentration and composition. Amino acid 
analysis was performed by the Australian Proteome Analysis Facility (APAF) using F- 
moc (9-Fluorenylmethy! chloroformate) chemistry, a sensitive method that allows detection 
of amino acids at low levels (down to 1 ug). The detection of F-moc derivatised amino 
acids is via fluorescence using the GBM Aminomate system. 

Nitric acid and hydrochloric acid were trialed as demineralizing agents with the 
results showing that some hydrolysis of the shell protein occurred. EDTA, although a 
gentler reagent, has disadvantages. EDTA is difficult to remove completely from the 
final protein sample and interferes with the amino acid analysis. A blank sample was run 
and the results showed that peaks at the phenylalanine and tyrosine positions were produced 
and to a lesser extent at other amino acid wavelengths. This was overcome by deleting 
phenylalanine and tyrosine from the results and subtracting the blank (EDTA) values 
from the sample values for other amino acid peaks (Table 2). 

Analysis for the extent of racemization followed the methods documented in 
Murray-Wallace (1993). Analysis of the N-pentafluoropropionyl-2 propyl esters was 
undertaken using a Hewlett-Packard 5850 Series II gas chromatograph fitted with a coiled, 
25m capillary column with the stationary phase Chirasil-L- Val. 


RESULTS 


Protein was extracted from the shells, purified and analysed for amino acid 
concentration and composition. Analysis showed that the loss of amino acids was rapid 
over the first 4,000 years from the onset of racemization, and maintained a relatively 
stable concentration from 4,000 years to 125,000 years (Fig.1). Over the first 4,000 years 
91% of original material was lost at an average rate of 3.25 x 10° pmol/ug per year. Over 
the next 2,000 years a further 6.3% was lost at an average rate of 4.49 x 10+ pmol/ug per 
year. Over the final 119,000 years, 0.9% of material was lost at an average rate of 1.07 x 
10% pmol/ug per year. The curve for the average depletion rate of amino acids is shown 
in Figure 3 and has the equation y = 12.221x +*#517? with an R? of 0.9783. 

In the modern shells three groups of amino acids are apparent based on their 
relative concentrations (Fig. 1). A group with high concentrations (mean of 28.3 pmol/ 
ug), a group with moderate concentrations (mean of 15.7 pmol/ug) and a third group 
with quite low concentration level (mean of 1.4 pmol/ug). After 4,000 years the low- 
level amino acids have completely disappeared and therefore disregarded in this study, 
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Figure 1. Depletion of amino acids with time. Aspartic acid shows a higher concentration in 
fossil samples relative to the other amino acids. There are three groups of amino acids, Group A 
with high initial concentrations, Group B with moderate initial concentrations and Group C with 
low initial concentrations. Amino acids are listed from top to bottom on the figure. It is to be 
noted that there are three amino acids with very similar concentration, isoleucine, arginine and 
lysine, seen as a single dark line in Group B. 


Group A Group B Group C 
Aspartic acid Serine Methionine 


Glutamic acid Threonine Histidine 
Glycine Valine 
Alanine Leucine 

Lysine 

Isoleucine 

Arginine 


Table 3. Concentrations of four amino acids and the corresponding D/L ratios for those amino 
acids from modern and fossil samples 


Age Amino acid concentration Amino acid D/L ratio (years) 
(pmol/ug) (in fossil samples) 
Asp Glu Ala Val Asp Glu Ala Val 

0 39.96 26.92 23.75 10.31 - - - - 
3,880 1.66 1.94 1.23 1.11 0.42 0.12 0.22 0.06 
6,280 022 0.27 0.38 0.81 0.49 0.18 0.32 0.12 
6,800 1.00 0.88 1.24 2.46 NA 0.27 0.30 0.12 
125,000 0.31 0.26 0.30 0.88 0.55 0.36 0.60 0.30 
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but for all the other amino acids, after 4,000 years, their concentrations are within the 
same range, (mean of 1.34 pmol/ug) and although low, are still detectable. Amino acid 
concentrations remain at this level for the next 120,000 years with very little further 
losses. 

D/L ratios are reported for the enantiomeric amino acids alanine, valine, glutamic 
acid and aspartic acid (Table 3). D/L ratios for the four amino acids are reported for all 
fossil samples. The ratios show an interesting relationship with the original concentration 
of each amino acid in modern shell. As expected, with each of the four amino acids, the 
D/L ratio increases with time as amino acids racemize and approach equilibrium. The 
concentration of amino acids in the unhydrolyzed organic matrix is at the same time 
decreasing (Fig. 2). 


Figure 2. Composite graph which illustrates the depletion of four amino acids from the organic matrix, (shown 
as hatched lines) and the corresponding increase in D/L ratio of those amino acids, with time. 


° = 
E = 
= — £ 
q of = 2 
= = os 
a Š | 
= E £ 
z = 2 ° 
8 eo je 
w 2 . = 
D az >= E 
Bo u s 
Š ° 5 
5 A 


Age (in years) for the amino acids Aspartic acid, Glutamic acid, Alanine and Valine 


There is a correlation between the D/L ratio and the original concentration of a 
given amino acid in the modern shell. Aspartic acid was originally present in Anadara 
trapezia with the highest concentration. After some 4,000 years since the onset of 
racemization, the concentration dropped to levels comparable to most other amino acids 
in the sample and yet the aspartic acid D/L ratios in fossil samples tend to be higher than 
for the other amino acids (Fig. 3). The high concentration of aspartic acid found in the 
modern organic matrix suggests that there is a greater chance that an aspartic acid residue 
will be in the terminal position of the protein and hence in a position where racemization 
may readily occur. Hence we hypothesize that the higher the concentration of an amino 
acid the greater the chances of its occurrence at terminal positions during diagenesis and 
hence the more likely that racemization will occur thus accounting for the higher rate of 
racemization experienced by that acid (in this case, aspartic acid). This hypothesis is in 
agreement with the finding that acidic amino acid residues are found in every 
biomineralized system examined to date (Weiner et. al 1983). 


DISCUSSION 


The concentration of aspartic acid falls dramatically over 4,000 years possibly 
indicating that aspartic acid is hydrolyzing rapidly from the protein and forming free 
amino acids. These free amino acids are undergoing racemization over this period of 
time. 
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Figure 3. Average depletion curve. When the average of all the amino acid concentrations is plotted 
against time, it is possible to plot a power curve that fits the data very well with an R?> 0.97. 
The equation of the curve is y=]12.2x**° where x represents time and y is concentration. 
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One sample, Akb, dated at 6,800+ 70 years, was found to have higher 
concentrations for all amino acids when compared with another sample Att, of similar 
age, (6,280+60 years), and geological setting. Both samples related to the same set 
of geological processes: quiet water, coastal lagoon which formed after the sea level 
rose to its present position 7,000 years ago (Young et al. 1993). It is speculated that 
the preservation of shells collected in Kully Bay, Lake Illawarra (Akb) was better 
than conditions experienced at Tom Thumb Lagoon, Wollongong (Att) thus retarding 
the hydrolysis of the conchiolin proteins. This could be due to differing local 
environmental conditions or individual variations in the sample shells. The extent 
and effect of boring animals in shell samples could account for discrepancies, as 
would other natural variations. An alternate interpretation for the discrepancy would 
be that whilst in situ, low molecular weight peptides and free amino acids were 
preferentially lost from perhaps only one shell in the sample through in situ leaching. 
As the amino acid concentrations are derived using several shell samples and the D/ 
L ratios are calculated for the total amino acid hydrolysate, the loss of lower molecular 
weight peptides and free amino acids could produce this discrepancy. The results for 
Akb are shown in Table 2 but for clarity are not included when comparing amino acid 
depletion with time. 


CONCLUSIONS 


l Hydrolysis of the shell protein is initially rapid with over 90% of original 
material lost within 4,000 years, at an average rate of 3.25 x 102 pmol/ug 
per year. The remaining protein is relatively stable and this study shows that 
over the next 120,000 years only 0.9% of material was lost at an average 
rate of 1.07 x 10% pmol/ug per year. 
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2 Regardless of whether amino acids are present in high or moderate 
concentration in the protein of modern shell, their concentrations fall to 
approximately the same level after 4,000 years, (with a mean of 1.34 pmol/ 
ug), from the onset of diagenesis. As hydrolysis proceeds and the protein 
breaks down into peptide strands, amino acids will increasingly be found in 
optimum positions for racemization and the D/L ratio for each amino acid 
will increase. Graphs of D/L ratios of individual amino acids versus their 
concentration in unhydrolysed organic matrix show these expected trends. 

3 If an amino acid is present in high concentrations in modern shell it will also 
show a higher rate of racemization in fossil samples. The rate of increase of 
the D/L ratio for aspartic acid was found to be much greater than that of the 
other amino acids considered in this study. As there is a higher concentration 
of aspartic acid molecules in the peptide strand, we suggest that there is a 
greater chance that aspartic acid will be found at the optimum N-terminal 
during hydrolysis and so racemize faster. 
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